A novel polymeric ionic liquid hybrid film-modified electrode, in which the electrode surface is coated with a hydrophobic hybrid material composed of an ionene polymer with quaternary ammonium sites in its polymeric backbone and ionic liquids, was fabricated by electropolymerization of N,N-dimethylaniline in a hydrophobic ionic liquid, which can be applied for the electrogeneration of a superoxide anion via one-electron reduction of O 2 in aqueous media.
A novel fabrication of a polymeric ionic liquid hybrid film modified electrode and its successful application to the electrogeneration of a superoxide anion in aqueous media † Room Temperature Ionic Liquids (RTILs), being entirely composed of cations and anions, have been receiving intense attention as a new class of solvents 1 that offer alternatives to conventional molecular solvents for numerous applications in the general field of chemistry, because of their unique physicochemical properties (such as low volatility, nonflammability, electrochemical and thermal stability and high ionic conductivity) which could be arbitrarily tailored by appropriately choosing cations and anions.
2
Since the late 1990s, RTILs have been also deliberately used for electrode modifications by covering electrode surfaces typically with free-standing IL films, IL droplets, adsorbed ILs, mixtures of ILs and other components (such as organic or inorganic polymers, nanoparticles, nanotubes and other micro-or nano-objects) and polymeric ILs. 3 By careful and appropriate choice of the cation and anions, we can introduce, for example, a hydrophobic IL domain on electrode surfaces and the resulting IL-modified electrodes are expected to allow for electrochemical experiments in aqueous media with fundamental and practical prospective applications for ion transfer across the IL/aqueous solution interface, concentration of redox active anions from the aqueous phase, electrochemical sensing, electrocatalysis, stable immobilization of enzyme for biosensing, fuel cells, etc.
3,4
In this communication, we report a novel, simple fabrication of a polymeric ionic liquid hybrid (PILH)-modified electrode, in which the electrode surface is coated with an ionene polymer with quaternary ammonium sites in its polymeric backbone and ILs are embedded into its matrix, via electropolymerization of N,N-dimethylaniline in ILs. This PILH-modified electrode is applied successfully for electrogeneration of a superoxide anion (O 2 À ) via 1e-reduction of O 2 in aqueous media in contrast to the conventional O 2 reduction (i.e., 2e-and 4e-reductions of O 2 to H 2 O 2 and H 2 O, respectively, depending on the electrocatalyst used). 5 The present idea for preparing the PILH film with a polymeric ionene structure in which O 2 À is chemically stable is developed originally from our previous studies 6 on the preparation of such polymeric ionone films by electropolymerization of dialkylanilines, which was carried out in acidic aqueous media, and recent studies 7 on the electrochemistry of the O 2 /O 2 -redox couple in ILs.
The PILH film-modified electrode was prepared by an oxidative electropolymerization of N,N-dimethylaniline (DMA) in hydrophobic IL, typically N-methyl-N-propyl-pyrrolidinium
, Kanto Chemicals Co. Japan) with a purity of 499% and less than 0.005% water (Scheme 1). The anodic peak corresponding to This maximum thickness is much larger than that (ca. 1 mm) of the PDMA film prepared in aqueous media ( Fig. S1 -S3, ESI †).
6
The obtained cyclic voltammetric behaviour (Fig. 1) is essentially almost the same as that obtained for the electropolymerization of N,N-dialkylanilines in acidic aqueous media (Fig. S1 , ESI †), but formation of the dimer, tetramethylbenzidine (TMB), the redox response of which is faintly observed at ca. 0.4 V only in the initial several scans, by a tail-tail coupling of DMA + is considerably less and the decrement in the main anodic peak current upon the potential cycling is larger. These facts indicate that the electropolymerization of DMA is more feasible under the present IL condition compared with that in aqueous media. 6, 8 The PILH film exhibits a uniform microporous structure (inset in Fig. 1 ) being different from the PDMA films (prepared in aqueous media) with slightly compact microstructure and poor porosity (Fig. S2 , ESI †) and the films of aniline and its derivatives, which have irregular grains, slice or rod-like structures.
9
The obtained PDMA film is a composite impregnated with the IL used, as can be seen from the deconvoluted N1s XPS spectra (Fig. 2) . 10 That is, three different peaks were obtained; the peak at 403.5 eV corresponds to the quaternary ammonium sites in the PDMA backbone and the remaining two peaks at 399.6 and 402.7 eV, which were also observed for the IL used itself (Fig. S4, ESI † (Fig. 3A) . At a glance, we can see that the redox response corresponding to the redox reaction of the [Fe(CN) 6 ] 3À/4À couple increases with increasing potential scan duration and the response reaches a constant after a potential scan of ca. 90 min and the peak height is about 20 times larger than that (the dashed line in Fig. 3A) -free supporting electrolyte (0.1 M PBS) and the CV View Article Online response was examined (Fig. 3B) . A small decrease in the current response was observed only for the initial few scans and after that, a stable response was obtained. highly and immobilized stably in the PDMA film. In other words, the present PDMA is a polycationic ionene polymer with positively charged ammonium sites in its backbone and thus has a pHindependent anion-exchange property (eqn (1)).
(1) Fig. 4A(b) shows a typical CV obtained at the PILH filmmodified GC electrode in O 2 -saturated 0.1 M PBS (pH 10.0). A couple of well-defined redox peaks were obtained at around À0.6 V vs. Ag/AgCl/KCl (sat.) and the redox behaviour (eqn (2)) is almost the same as those (Fig. 4B(b) and (c) Fig. 4 via 1e-reduction of O 2 (which is usually possible in conventional aprotic organic media 13 and some ILs, 7 but not in protic media (e.g., 
